Abstract. The determination of erosion and deposition patterns in channels requires detailed knowledge and estimation of the bed shear stress. In this investigation, the application of a Genetic Algorithm-based Arti cial (GAA) neural network and Genetic Programming (GP) was presented to predict bed shear stress in a rectangular channel with rough boundaries. Several input combinations, tness functions, and transfer functions were investigated to determine the best GAA model. Also, the e ect of various GP operators on estimating bed shear stress was studied. A comparison between the GAA and GP techniques' abilities to predict bed shear stress was made and then investigated. The results revealed that the GAA model performs better in predicting the bed shear stress (RMSE = 0.0774), as compared to the GP model (RMSE = 0.0835).
Introduction
The ow structure in open channels is directly a ected by the shear stress distribution along the wetted perimeter; hence, the variations of the boundary shear stress are more important. It has long been established that many factors in uence this distribution. These factors include variation of the longitudinal and lateral boundary roughness types, geometry of a cross-section, longitudinal variation of plan-form geometry, and sediment concentration and deposition in the bed.
Many direct and indirect methods have been used to calculate the shear stress along a wetted Some researchers utilized GEP model to solve different hydraulic problems [21] [22] [23] . Azamathulla and Zahiri [24] used linear genetic programming to predict the ow discharge in a compound open channel. Zaji and Bonakdari [25] utilized the ANN and Radial Basis Neural Network (RBNN) to compute the discharge capacity of a triangular side weir. The suspended sediment load was estimated using soft computing techniques by Tayfur [26] and Kisi et al. [27] . Cobaner et al. [28] used a simple ANN method to estimate percentage of shear force carried by walls in rectangular ducts and channels. Sheikh Khozani et al. [29] , by applying GP and GAA models, could predict percentage of shear force carried by walls (%SF w ) of rough rectangular open channels. The authors expressed that the ANN model has better performance in predicting shear force than the traditional shear force relationships. Predicting %SF w in smooth rectangular channels was studied by Sheikh Khozani et al. [30] using GP and GAA methods.
Because the bed shear stress has an important role in bed load sediment transition, a few studies have been conducted on the rectangular channel with rough boundaries using the soft computing technique. Consequently, the aim of this study is to utilize this technique in estimating the bed shear stress in a rectangular channel with non-homogenous roughness. For this goal, the GAA method as a novel combination of modi ed Genetic Algorithm (GA) and Arti cial Neural Network (ANN) was used to predict the bed shear stress. The performance of the GAA was compared with that of the Genetic Programming (GP) method, as a practical branch of the GA. Also, the obtained equation by the best method has been compared with the equation of Knight [2] .
Materials and methods

Genetic algorithm-based arti cial neural network
The multi-layer perceptron ANN is widely used in various engineering elds as a successful soft computing method. An ANN method is composed of three major layers: one input layer, one or more hidden layers, and one output layer. Each layer consists of some neurons. The input layer's neurons are the input variables of the considered problem. In the current ANN model, the output layer has one neuron, i.e., the output of the problem. Each hidden layer has some neurons. Each neuron in the hidden layers, at rst, compute the weighted sums of neurons in last layer, and then by putting the results of the summation in the activation functions, the estimation for each neuron is calculated. The activation function selection signi cantly affects the performance of the model [31] [32] [33] . In this study, four combinations of activation functions were examined to determine the most appropriate one of all. The considered activation functions include the logarithmic sigmoid (Eq. (1)), hyperbolic tangent sigmoid (Eq. (2)), and linear (Eq. (3)):
tansig(x) = 2 1 + e 2x 1;
purelin(x) = x:
In addition to the advantages of the ANN method in modeling the complex problems, the absence of a speci c rule in choosing the number of hidden layer nodes makes the modeling process more puzzling. In this study, a modi ed GA was used to optimize the structure of the ANN method. The GA investigates di erent ANN models with various numbers of neurons in hidden layers and automatically chooses the most appropriate one. Levenberg-Marquardt Algorithm [34] was used to train the ANN model. It is possible that a good combination of a number of hidden layer neurons was eliminated by the GA due to bad luck with the Levenberg-Marquardt training process and random nature of the training algorithms used. So, the GA used to optimize the ANN model needs some modi cations.
The modi ed GA used in the optimization of the ANN structure is shown in Figure 1 . According to Figure 1 , the GA modi cation was conducted in the elite populations. The elite population consists of the best 15% of the entire chromosomes. Each individual in the elite population was run with the ANN model several times. The best cost for each individual was replaced in the elite population.
This modi cation has two major bene ts. First, it prevents the local minimum trapping of the GA. Second, it minimizes the e ect of the random nature of the Levenberg-Marquardt training process. Finally, the GAA method, as the combination of the modi ed GA and ANN methods, was introduced.
Genetic programming
The GP method, as a branch of the GA algorithm, was developed by Koza [35] . The general processing rules of the GP method are similar to those of the GA algorithm. The rules are as follows. The initial population was performed by a number of chromosomes. Here, the chromosomes are the programs. The error of each chromosome was investigated by the dei ed tness function.
The aim of GP processing is to nd the most appropriate program that could be used to model the considered problem. Because of this, the GP method explicitly becomes a suitable method for the Each GP program uses some functions that must be determined. The functions include arithmetic operations (e.g., +, , , and ), mathematical functions (e.g., sin, cos, and power), and logical functions (e.g., AND, OR, and NOT). There is no speci c rule in function determination, and it should be determined for each problem. In this study, to nd the most appropriate functions, four di erent function combinations were examined.
The processing steps of the GP are as follows: (1) Selecting the initial population of the individuals (programs) randomly; (2) Calculating the cost of each individual by the tness function; (3) Sorting the individuals according to the calculated costs; (4) Conducting the reproduction, mutation, and crossover on the population and performing the new population; (5) Achieving one of the termination criteria (e.g., the time of the run, number of generations, and value of the error) in the process. Table 1 shows the characteristics of the GP model used.
Case study
The dimensionless mean bed shear stress data of the experiments were used; these were originally conducted by Knight [2] . By using the Preston pipe technique, Knight [2] calculated the bed shear stress along a ume that was 15 m in length, 460 mm in width, and with a constant bed slope of 9:58 10 4 . This ume had a rectangular cross-section with rough boundaries and shear stress that was measured at di erent ow depths. The ranges of the geometric and hydraulic characteris- To be determined Fitness function
To be determined tics of the rectangular channel used by Knight [2] are listed in Table 2 . Knight [2] presented an empirical equation for calculating the mean bed shear stress as follows:
where b is the mean bed shear stress, S f is the energy slope, h is the water depth, is the uid density, and %SF w is the total shear force carried by the walls. This total shear force can be calculated as follows: The shear stress depends on the hydraulics of the ow, cross-section, and bed and wall roughness. The dependent parameters are: ow velocity (V ), hydraulic radius (R), uid density (), geometry of the channel (B), bed and wall roughness (k sb ; k sw ), ow depth (h), and energy slope (S f ). A functional relationship between the bed shear stress and the e ective parameters can be expressed as follows: b = F (; g; B; h; k sb ; k sw ; R; S f ; V ) :
Using a dimensional analysis for expressing the dimensionless bed shear stress, the following function was obtained:
where B h is the aspect ratio, k sb k sw is the relative roughness, Fr is the Froude number, and Re is the Reynolds number. Table 2 shows the ranges of data set parameters that were used in modeling. About 75% of all data were selected randomly for training, and the remaining data were used for testing stage.
Eq. (4) was also selected to predict the mean bed shear stress and was compared with the proposed model.
Application and results
In order to investigate the accuracy of the models and the tness function, six statistical parameters were used. These parameters include: the Root Mean Squared Error (RMSE), Mean Squared Error (MSE), Mean Absolute Error (MAE), average absolute deviation ( %), Scatter Index (SI), and BIAS as follows: 
where ip shows the value of the predicted mean bed shear stress by the model, and im is the measured mean bed shear stress in the laboratory.
To compute the mean bed shear stress, eight di erent input combinations were tested. These input combinations were: The results were compared with the RMSE, MAE, and % statistic parameters.
In the rst step of the GAA model, by assuming MSE as a tness function and the logarithmic transfer function, the mentioned input combinations were investigated. As shown in Table 3 , the GAA model with the input combination of (ii) was more accurate with the smallest values of the statistical parameters. Various GP models were developed using the same input combinations as the GAA model. Similar to the GAA model in the GP model, the assumption tness function in the rst step was that the MSE and default function (+; ; ; ) were used to select the best input combination. As shown in Table 4 , the input combination (i) is more appropriate than the others with RMSE of 0.0835.
Continuing to use the selected input combination, a comparison was checked between the MSE and MAE to nd a more appropriate tness function in the GAA model. The results of this comparison are presented in Table 5 . According to the results, it is clear that the MSE tness function provides more accurate results with RMSE of 0.0774 than the MAE tness function with RMSE of 0.0918. To select the best tness function in the GA model, MSE and MAE were investigated. From Table 5 , it is clear that the MSE tness function (based on the absolute error) produces the best results for computing the mean bed shear stress. Consequently, the MSE tness function with better statistical results (RMSE = 0.0835, MAE = 0.0732, and % = 10:1635) was selected.
In the nal step, four di erent conditions were studied by the GAA model using the logarithmic, purelin and hyperbolic tangent, as the transfer functions. The outcomes (Table 6) show that the GAA model with the logarithmic transfer function in a hidden layer and the purelin transfer function in the output layer operates better between the transfer functions.
The selection of the basic operators in building A set of preliminary model runs was carried out to test the performance of the models with the function sets and select the best one to use in the next stage of the study. All of these procedures were conducted for input combination (i) by the MSE tness function. The investigated results of these sets of functions are illustrated in Table 7 . Based on the comparison of the various GP operators listed in this table, it can be deduced that the GP default operator function set (F 1) surpasses all of the other structures. It was determined that the simple operator function is better to use than the other function sets, since the other operator function sets resulted in complicated computations. Finally, the comparison between the GAA and GP models was conducted. As can be seen in Table 8 , the GAA model with an RMSE of 0.0774 was compared to the GP model with an RMSE of 0.0835. The GA model was selected due to its better performance. The GP model is capable of predicting the mean bed shear stress, too. When comparing the GAA predictions with the measured data for the test stage, the proposed model was proved to be highly capable to estimate the mean bed shear stress with few errors.
With 
In Figure 2 , the calculated mean bed shear stress of the GAA and GP models for the training step were presented in the form of a scatterplot. As can be seen, the GAA model predicts the mean bed shear stress better than the GP model does for training processes. The GAA model estimates were found to be closer to the corresponding observed values than those of the GP model were. As seen, the two models' predictions underestimated shear stress values for some cases and overestimated for other cases. Figure 3 illustrates the estimates of the GAA and GP models in the form of a scatterplot for test dataset. It can be clearly seen from the scatterplots that the estimates of the GAA model are less scattered and closer to the exact line than those of the GP model. According to the results, performance of the GAA model in estimating bed shear stress is higher than that of the GP model. Therefore, the GAA model was selected as the best model to estimate bed shear stress in rectangular channels with at bed. Table 9 shows the comparison between the obtained equation of the best model (GAA) and the presented equation by Knight [2] . The results show that the GAA model has a lower error of mean bed shear stress (RMSE = 0.0731, MAE = 0.0607, and % = 8:0451) for a rectangular channel with rough boundaries than that of the equation of Knight [2] (Figure 4 ). According to these results, the GAA model is much closer to the exact line than the equation of Knight [2] , and hence, is more accurate. Therefore, Figure 2 . Observed versus computed mean bed shear stress of the GAA and GP models for a training test. the obtained equation by the GAA model is more applicable in rectangular channel with rough boundaries and can be used instead of the equation proposed by Knight [2] .
In the proposed equation, the Froude and Reynolds numbers are e ective in calculating the mean bed shear stress, in addition to the aspect ratio; however, in the equation presented by Knight [2] , the aspect ratio is the only e ective parameter. In Figure 4 , the GAA model data overestimate the value of the mean bed shear stress for b ghS > 0:73 and underestimate the value in b ghS < 0:73. In addition, in the GAA model, fewer data are in the range of the 10% error. Equation of Knight [2] underestimates the mean bed shear stress value more than the GAA model does. When the underestimated values predict bed shear stress, the erosion occurs in the channel since the actual values of shear stress are higher than the predicted values, and the designed channel is poor in erosion. Therefore, the equation is used which is obtained by the GAA due to designing more stable channels. 
Conclusions
The distribution of the bed shear stress is e ective in the shape of the bed topography channels in sediment transportation. In this study, the GAA and GP models, as two methods of the GA, were compared to predict the mean bed shear stress in a rectangular channel with non-homogeneous roughness. Both soft computing models were extended and the performance of each model in each step was evaluated. For each model, several input combinations and tness functions were studied to recognize the best state among them. The statistical parameters were used to evaluate predicted mean bed shear stress values of the GAA and GP models. The results showed the best program for the GP model obtained by input combination (ii), MSE tness function, and (+; ; ; ) mathematical functions. The best formula in the GAA model was concluded with input combination (ii), MSE tness function, and log-pur transfer function. The accuracy of the GAA and GP techniques in predicting this object was investigated, and the GAA model was introduced as a more powerful model compared with GP model.
The results showed that the GP model has the ability to estimate the mean bed shear stress, but the GAA model has smaller values of statistical parameters (RMSE = 0.0731, MAE = 0.0607, and % = 8:0451), and hence performs better than the GP model. Finally, the obtained equation with the GAA model was compared with that presented by Knight [2] . In addition to being simple, this equation was better in estimating the mean bed shear stress than that of Knight [2] . The obtained equation by the GAA method can be used instead of the equation proposed by Knight [2] in calculating mean bed shear stress. This study suggests that the proposed GAA model is strong and useful in predicting the mean bed shear stress in a rectangular channel with rough boundaries. 
